some structure-defined polyphenols are listed in Table 1 , and the activity of the EtOAc layer was probably attributable to these catechin oxidation products. Galloyl oolongtheanin (7) showed a stronger inhibition than the theaflavin digallate (5) , and this was in agreement with the results of Nakai et al. 18) In contrast, the HPLC analysis of the n-BuOH layer showed the presence of uncharacterized polyphenols that were detected as a broad hump on the HPLC baseline (polymer-like oxidation products; POPs) (Fig. 2) . In a TLC analysis, the POPs were detected at the origin and positive to the FeCl 3 reagent (dark greenish-blue) and vanillin-HCl reagent (red) characteristic to catechin related compounds. The activity of the BuOH layer was comparable to that of the EtOAc layer, and the yield (10.6% of black tea dry weight) was much higher than that of the EtOAc layer (4.7%); thus, the BuOH soluble fraction was important in the total inhibition activity of black tea. Although the yield (0.5%) was very low, the insoluble precipitate showed the strongest activity (61.1%) of the fractions. HPLC analysis of the precipitate indicated that it was mainly composed of POPs, and the HPLC profile was similar to that of the n-BuOH fraction. A large part of the POPs in the n-BuOH layer was precipitated from aqueous methanol to produce a brown powder designated as BLPs (precipitates obtained from n-BuOH layer), and the supernatant (BLS) also contained POPs. The BLPs were separated by Sephadex LH-20 column chromatography into three parts that contained mainly caffeine (BLP-1), POPs with a small amount of theaflavin gallates (BLP-2), and pure POPs (BLP-3), respectively. Similarly, BLS was also separated into three fractions (BLS-1, 2, 3). The lipase inhibitory activities of these fractions are listed in Table 1 , and BLP-3 showed the strongest inhibition. HPLC analysis revealed that the peak summit retention times of BLP-3 and BLS-3 differed (Fig.  4A) , and BLP-3 was retained in the HPLC column more strongly. Direct size-exclusion chromatography of these fractions using an acetone-containing acidic aqueous urea solution as the elution solvent 19) suggested that the molecular size of BLP-3 was larger than that of BLS-3, indicating that POPs with larger molecular weights showed stronger inhibitory activities (Fig. 4B) . The POPs also showed strong a-amylase Table 2 ). The result suggested that the POPs of black tea also affect starch digestion, because the concentration of POPs in the black tea infusion was higher than that of theaflavin-3,3Ј-di-O-gallate (5), a black tea pigment used as a positive control (Fig. 1 ).
16)
Chemical Study on the Polymer-Like Oxidation Products Since production of POPs during tea fermentation was accompanied by a decrease in concentrations of catechins, it was deduced that POPs were oxidation products of catechins. The 1 H-NMR spectrum of BLP-3 showed broad peaks at d 7.0, 6.0 and 2.8 that were attributable to galloyl H-2, 6, catechin A-ring H-6, 8 and C-ring H-4, respectively (Fig. 5) . The inverse-gated decoupling 13 C-NMR spectrum also showed broad signals attributable to the galloyl group The enzymatic oxidation of a mixture of four pure tea catechins, and subsequent purification followed by size-exclusion chromatography resulted in POPs which showed almost the same resonance peaks in the 1 H-and 13 C-NMR spectra. The results supported the proposal that POPs obtained from black tea were oxidation products of tea catechins. In addition, the absence of catechol-and pyrogallol-type B-ring signals in the NMR spectra suggested that the POPs were produced by oxidative condensation of B rings, which was probably related to the formation of theasinensins (6) and theaflavins (3) (4) (5) (Fig. 3) . Gel Permeation Chromatography (GPC) of BLP-3 using TSK-gel a-3000 suggested that the peak top molecular weight was 9700. 20) Measurement of the total polyphenol content in BLP-3 by the Folin-Ciocalteau method 21 ) using 1 as the standard showed that the polyphenol content of BLP-3 was only 50%. This suggested that phenolic benzene rings may be oxidatively degraded to non-phenolic forms, such as carboxylic acid. 22) HPLC analysis of the thiol degradation products using 2-mercaptoethanol as a nucleophile 23) showed the production of trace amounts of epicatechin, epicatechin 3-O-gallate, catechin-4-hydroxyethylthioether, and epicatechin-4-hydroxyethylthioether. This indicated the presence of procyanidin-like C-4-C-8(6) interflavan linkages; however, the apparent decrease in size of the broad hump on the base-line was not observed in this degradation reaction. Therefore, the procyanidin-type linkage does not appear to be an important component of POPs. Ethanolysis in ethanolic hydrogen chloride yielded gallic acid ethyl ester as the major product. The amounts of the galloyl group in BLP-3 and BLS-3 were 5.5Ϯ0.1% and 7.0Ϯ0.1%, respectively. Since the percentage of the galloyl group in 1 is 33%, the proportion of the galloyl group in POPs was not high. The lipase inhibitory activity of BLP-3 was higher than BLS-3, where the molecular size of the former is larger than that 
of the latter, as mentioned previously (Fig. 4) . Therefore, the results indicated that the molecular size of POPs is more important for enzyme inhibitory activity than the amounts of galloyl esters. Furthermore, the lower content of galloyl groups in BLP-3 suggested that galloyl groups were oxidized when the molecule was extended.
Previous studies suggested that intermolecular oxidative couplings of catechins mainly occur between two B-rings, and generally give dimeric products such as 3-7. Further extension of the molecule at the B-rings of the products were not observed, 1, 4, 5, 22) except for the oxidative coupling at the benzotropolone moieties of theaflavin, which yielded bistheaflavins A and B. 24) However, when epicatechin 3-Ogallate (2) was enzymatically oxidized with the polyphenoloxidase of the Japanese pear homogenate, 22, 24) a polymeric substance similar to POPs was produced. The HPLC and 13 C-NMR spectra of the polymeric substance derived from 2 ( Fig. 6) were related to those of BLP-3, and the peaktop molecular weight was estimated to be 8100 by GPC. The 13 C-NMR spectrum of the polymeric substance showed signals attributable to the galloyl groups, as well as those due to the A-and C-rings; the galloyl C-2, 6 signals were smaller than the A-ring signals. This observation suggested that significant amounts of the galloyl groups were oxidized during production of the polymeric substance. The major product of the reaction was theaflavate A (10), 25) which is a dimer produced by intermolecular oxidative condensation between the catechol B-ring and the galloyl group (Chart 1). In addition, theaflavate C (11), an extended trimer of 2, was isolated from the same reaction mixture. Furthermore, bistheaflavate A (12), a tetramer of 2 produced by oxidative coupling between two benzotropolone moieties of 10 were also produced. 26) Since intermolecular coupling between the B-ring and galloyl group extends the molecular size as shown in 10 and 11, . Similar oxidative couplings of galloyl groups attached to theasinensins and theaflavins occur during tea fermentation. In particular, the production of trimer 13 from 1 by enzymatic oxidation was previously demonstrated (Chart 1). 27, 28) Moreover, the extension of the molecule may also occur at the benzotropolone ring in a manner similar to the formation of 12 and bistheaflavins A and B.
24)

Conclusion
Black tea contains a variety of polyphenols including tea catechins and chemically uncharacterized oxidation products, where the complexity of black tea polyphenols has hampered the evaluation of their biological functions. The complexity is caused by cascade-type complex oxidation between four tea catechins during black tea production. 22, 28, 29) The importance of some characteristic polyphenols, such as theaflavins, is already known; however, the present study has shown the importance of POPs (obtained by extraction in n-BuOH) as the active components inhibiting pancreatic lipase and aamylase. BLP-3 represented the fraction of POPs with the strongest enzyme inhibitory activities. Although this fraction was not soluble in water when purified, it remained in the water layer of the black tea extract on partitioning with EtOAc. It is likely that these POPs were solubilized by interaction with coexisting water-soluble substances such as flavonol glycosides, as observed for polymeric proantocyanidins. 14, 30) POPs are a mixture of catechin oxidation products that could not be detected as sharp peaks by HPLC analysis. These POPs may be partly identical with thearubigins, which are uncharacterized black tea polyphenols as designated by Roberts, 6, 31) and are widely considered to account for a major part of polyphenols in black tea infusions.
6) The results of the in vitro oxidation of 2 suggested that oxidative coupling of galloyl groups with other B-rings was important for the production of POPs such as BLP-3, in addition to B-B-ring couplings (Chart 1). Further studies concerning the structure and mechanism of the production of POPs are now in progress.
Experimental
General Experimental Procedures UV spectra were obtained with a JASCO V-560 UV/VIS spectrophotometer. Varian Unity Plus 500 spectrometer operating at 500 MHz for 1 H and 125 MHz for 13 C. Mass spectra (MS) were recorded on a Voyager-DE Pro spectrometer, and 2,5-dihydroxybenzoic acid (10 mg/ml in 50% acetone containing 0.05% trifluoroacetic acid) was used as the matrix for MADLI-TOF-MS measurements. Column chromatography was performed using Sephadex LH-20 (25-100 mm, Pharmacia Fine Chemical Co. Ltd.). Thin layer chromatography was performed on precoated Kieselgel 60 F 254 plates (0.2-mm thick, Merck) with benzene-ethyl formate-formic acid (1 : 7 : 1, v/v), CHCl 3 -MeOH-water (14 : 6 : 1, v/v) and Cellulose F 254 (0.2-mm thick, Merck) with 2% AcOH. Spots were detected using ultraviolet (UV) illumination and by spraying with 2% ethanolic FeCl 3 or 10% sulfuric acid reagent followed by heating. Analytical HPLC was performed on a Cosmosil 5C 18 32) oolongtheanin gallate, 5, 22) and theasinensins A 22, 33) were obtained by enzymatic oxidation of tea catechins in our previous research.
HPLC Analysis of Commercial Black Tea Bottled commercial black tea (heat sterilized) (3.0 l) was directly applied to Sephadex LH-20 (25ϫ 3.0 cm i.d.) and washed with 25% MeOH to remove sugars and caffeine. The polyphenols adsorbed on the gel was eluted out with MeOH (200 ml) and then 50% aqueous acetone (400 ml). After removal of the organic solvents by rotary evaporator, the aqueous solution of the polyphenols was lyophilized to give brown powder (1.69 g), which was analyzed by reversed phase HPLC (Fig. 1) .
Measurement of Amylase Inhibitory Activity Amylase inhibition was measured according to a published method. 16, 34) Briefly, a sample in 0.1 ml of 20 mM phosphate buffer (pH 6.9) containing 6.7 mM NaCl was mixed with 0.5 ml of amylase solution (0.03 mg/ml in the above buffer) and incubated at 37°C for 10 min. To the mixture, 0.4 ml of a starch solution (3 mg/ml in the above buffer) was added and incubated further for 1 h. A portion (0.4 ml) of the reaction mixture was taken and mixed with 0.4 ml of DNS reagent 34) and heated at 100°C for 5 min in a screw-capped vial. After cooling on ice, the solution was diluted with the addition of 4 ml of water and the absorption at 540 nm was measured. Theaflavin 3,3Ј-di-O-gallate was used as the positive control.
16)
Measurement of Lipase Inhibitory Activity
The investigation of lipase inhibitory activity was based on the method of Han et al. 35) using glyceryl trioleate as the substrate. The substrate solution was prepared by sonication of a mixture of glyceryl trioleate (80 mg), lecithin (10 mg) and sodium cholate (5 mg) in 9 ml of 0.1 M TES buffer (pH 7). The substrate solution (0.1 ml) was mixed with a sample solution (0.1 ml) and preincubated at 37°C for 5 min. After addition of 0.05 ml of a lipase solution (0.05 mg/ml) the mixture was further incubated for 30 min. Free fatty acids generated by this procedure were measured according to the method of Tsujita and Zapf. 36, 37) The reaction mixture (125 ml) was added to 3 ml of CHCl 3 -heptane (1 : 1, v/v) containing 2% (v/v) MeOH and shaken horizontally for 10 min. The mixture was centrifuged at 2000 g for 10 min and 1 ml of the lower organic phase was taken and mixed with 1 ml of copper reagent.
37) The test tube was shaken vigorously for 10 min and centrifuged at 2000 g for 10 min. The upper organic phase (0.5 ml) containing fatty acid copper salts was reacted with 0.5 ml of 0.1% (w/v) bathocuproine in CHCl 3 containing 0.05% (w/v) butylated hydroxyanisole to produce a pale orange-colored complex, and absorption of the solution at 480 nm was measured. Preparation of the copper reagent was as follows: Cu(NO 3 ) 2 (1.21 g) was dissolved in a 1 M triethanolamine solution (10 ml) and mixed with a 1 M NaOH solution (6 ml). NaCl (33 g) was added to the solution and the total volume was then adjusted to 100 ml with water.
Extraction and Isolation for Comparison of Lipase Inhibitory Activity Commercial black tea (919 g, tea bag produced in India) was extracted with water, three times at room temperature. The extract was applied directly to a Sephadex LH-20 column (10ϫ31 cm) and washed with H 2 O to remove sugars and caffeine. The adsorbed polyphenols were fractionated into fractions 1-10 by a 20% stepwise gradient elution with water-MeOH (0-100%) and then MeOH-H 2 O-acetone (8 : 1 : 1→3 : 1 : 1). The residue remaining after extraction with water was further extracted with 50% aqueous acetone three times and the acetone was evaporated in vacuo. The resulting aqueous solution (2 l) was successively partitioned with ether (1 lϫ3), EtOAc (1 lϫ4), and n-BuOH (1 lϫ4) to produce an ether soluble fraction (29.4 g, 3.2% of black tea dry weight), an EtOAc fraction (43.6 g, 4.7%), an n-BuOH fraction (97.0 g, 10.6%), and a water fraction (82.4 g, 9.0%). The paste-like precipitate (4.3 g, 0.5%) remaining in the final aqueous layer was collected. The lipase inhibitory activity of the ten fractions obtained from the initial water extract, and that of the ether and CHCl 3 fractions, was weak (less than 30% inhibition) and these fractions were not examined further.
Separation of the n-BuOH Layer The n-BuOH fraction (65 g) was dissolved in 50% MeOH (500 ml) by heating and left to stand at room temperature for 10 h. The resulting brown precipitate was collected by centrifugation. The addition of H 2 O to the supernatant (→ about 30% MeOH) produced a further precipitate. The precipitates were combined to form an n-BuOH layer precipitate (BLP) fraction (41.7 g). The final supernatant was concentrated to produce an n-BuOH layer supernatant (BLS) fraction (18.7 g ). These fractions were fractionated separately into three fractions using Sephadex LH-20 column chromatography (50-100% MeOH and then 50% aqueous acetone) to produce fractions BLP-1 (13.5 g, yield: 32.5%), BLP-2 (10.5 g, 25.3%) and BLP-3 (7.7 g, 18.4%) from BLP, and BLS-1 (9.6 g, 51%), BLS-2 (7.8 g, 41.6%) and BLS-3 (1.4 g, 7.4%) from BLS. HPLC analysis demonstrated that BLP-1 and BLS-1 contained caffeine and small amounts of polymer-like oxidation products (POPs), BLP-2 and BLS-2 contained POPs and small amounts of mono-and di-galloyl esters of theaflavin, and BLP-3 and BLS-3 contained only POPs. BLP-3 was obtained as a dark-brown amorphous powder with the following elemental constituents: C, 58.38%; H, 4.44%; N, 0.30%.
Size-Exclusion HPLC of BLP-3 and BLS-3 Size-exclusion HPLC of BLP-3 and BLS-3 (Fig. 4B) was performed according to Yanagida et al. 19) using a TSK gel a-2500 column (300ϫ7.8 mm i.d.). The mobile phase was acetone-6 M urea (pH 2) (3 : 2), the flow rate was 0.1 ml/min, and the eluate was monitored at 220 nm.
Thiolysis of Polymer-Like Substance A solution of 0.1% (w/v) POPs in 70% EtOH (0.2 ml) was mixed with 5% mercaptoethanol in 60% EtOH containing 0.1% HCl (0.8 ml) and heated at 70°C for 7 h. HPLC analysis showed four small peaks. The retention time and UV absorption of the peaks coincided with those of epicatechin, catechin-4-hydroxyethylthioether, epicatechin 4-hydroxyethylthioether and epicatechin-3-O-gallate, and represents the order of their elution. 23) However, the broad hump on the base-line did not decrease.
GPC Analysis of POPs POPs were dissolved in dimethylformamide and applied to a TSK-gel a3000 column (300ϫ7.8 mm i.d.) at 40°C with dimethylformamide containing 10 mM LiCl as the elution solvent at a flow rate of 0.5 ml/min. The peaks were detected by monitoring UV absorption at 254 nm. Polystyrene standards (molecular weights of 4000, 25000, 50000 and 170000), toluene (molecular weight 92), and three ellagitannins [1-Ogalloylpedunculagin (MW 936), 38, 39) sanguiin H-6 (MW 1870), 40) and rubusuaviin C (MW 2804) 39) ] were used as standards. Peak-top molecular weights were recorded by an Integrator 807-IT (JASCO Corporation).
Ethanolysis of BLP-3 and BLS-3 BLP-3 and BLS-3 were dissolved separately in 1 M HCl in EtOH (2 mg/ml) and heated at 100°C. The concentration of ethyl gallate in the reaction mixture was analyzed by HPLC at 12, 24, 36, 48 and 60 h. The peak area did not increase after 48 h. The yields of ethyl gallate from BLP-3 and BLS-3 were 7.1Ϯ0.1% (5.5Ϯ0.1% as galloyl group) and 9.1Ϯ0.1% (7.0Ϯ0.1%), respectively. The calibration curve was constructed using ethyl gallate prepared by a similar ethanolysis of tannic acid. Preparation of the standard ethyl gallate was as follows: tannic acid was heated in 1 M HCl in EtOH under reflux for 12 h. After solvent partitioning between EtOAc and water, the EtOAc layer was applied to a Sephadex LH-20 column with EtOH and further purified using silica gel 60 (CHCl 3 -MeOH-H 2 O, 90 : 10 : 1, v/v/v) chromatography and crystallized from CHCl 3 -MeOH.
Production of POPs Using a Model Fermentation Experiment Japanese pear fruit (600 g) was homogenized with water (100 ml) in a mechanical blender and filtered through four layers of gauze. The homogenate (300 ml) was mixed with an aqueous solution (200 ml) containing (Ϫ)-epicatechin (0.5 g), (Ϫ)-epigallocatechin (1.0 g), (Ϫ)-epicatechin-3-O-gallate (0.5 g) and (Ϫ)-epigallocatechin-3-O-gallate (2.5 g) and stirred vigorously for 3 h. The mixture was heated at 90°C for 2 min to inactivate enzymes and decompose unstable quinone intermediates. 22, 41) After cooling, the mixture was poured into acetone (2 l) and filtered through No. 2 filter paper. The filtrate was concentrated until the organic solvent was removed, and the resulting aqueous solution (400 ml) was successively partitioned with EtOAc (400 mlϫ4) and n-BuOH (300 mlϫ4). The n-BuOH layer was concentrated in vacuo and the residue was fractionated by size-exclusion chromatography using Sephadex LH-20 (26ϫ1.5 cm i.d.) with acetone: 6 M urea (3 : 2, v/v, adjusted to pH 2 with diluted HCl).
19) The POPs with larger molecular weights were eluted faster than catechins and theaflavins, and the fractions containing only POPs were combined. After evaporation of acetone, the aqueous solution was passed through Sephadex LH-20 (12ϫ1.5 cm i.d.) and washed with water to remove urea and HCl. The POPs adsorbed on the gel were eluted using 50% aqueous acetone to give POPs (70 mg).
Enzymatic Oxidation of 2 Japanese pear (150 g) was homogenized in H 2 O (150 ml) and filtered through four layers of gauze. The homogenate (300 ml) was mixed with an aqueous solution of 2 (1.0 g in 200 ml) and vigorously stirred for 4 h at room temperature. The reaction was monitored by reversed-phase HPLC. The mixture was poured into acetone (2 l), gently stirred for 30 min, and the insoluble material was then removed by filtration. The filtrate was concentrated by evaporation until the acetone was completely removed. The resulting aqueous solution was applied to a Sephadex LH-20 column (26ϫ4.5 cm i.d.) with 0-100% MeOH (10% stepwise elution, each 300 ml) and 50% aqueous acetone to yield 7 fractions. Fr. 1 (15.9 mg) and Fr. 4 (172 mg) were identified as epicatechin and 2, respectively, using TLC and HPLC comparisons. MALDI-TOF-MS of Fr. 5 showed peaks at m/z 875 (10, [MϩNa] ϩ ), 1285 (corresponding to a trimer 11, [MϩNa] ϩ ), and Fr. 7 exhibited the peaks at m/z 1740 (tetramer) and 2175 (pentamer). Fr. 6 (266 mg) contained polymeric substances and was further separated using a Sephadex LH-20 column (20ϫ1.5 cm i.d.) with 8 M urea in 60% acetone (adjusted to pH 2 by conc. HCl). Tubes containing polymeric substance and 10 were collected separately and concentrated by evaporation until the acetone was removed. The resulting aqueous solutions were applied separately to a MCI-gel CHP 20P column (20ϫ3.0 cm i.d.). After washing the column with water to remove urea, the polyphenols were eluted with H 2 O-MeOH (10% stepwise elution from 0 to 60%, each 100 ml) to produce the polymeric substance (45.1 mg) and 10 (28.5 mg).
